We study the cosmological evolution of asymmetries in the two-Higgs doublet extension of the Standard Model, prior to the electroweak phase transition. If Higgs flavourexchanging interactions are sufficiently slow, then a relative asymmetry among the Higgs doublets corresponds to an effectively conserved quantum number. Since the magnitude of the Higgs couplings depends on the choice of basis in the Higgs doublet space, we attempt to formulate basis-independent out-of-equilibrium conditions. We show that an initial asymmetry between the Higgs scalars, which could be generated by CP violation in the Higgs sector, will be transformed into a baryon asymmetry by the sphalerons, without the need of B−L violation. This novel mechanism of baryogenesis through (split) Higgsogenesis is exemplified with simple scenarios based on the out-of-equilibrium decay of heavy singlet scalar fields into the Higgs doublets.
Introduction
There is at least one Higgs boson [1] ; maybe there are more. Multi-Higgs doublet models contain new sources of CP violation, which is one of the required ingredients [2] for baryogenesis. It is therefore interesting to consider whether CP violation from the Higgs sector could be used to generate the baryon asymmetry of the Universe [3, 4] . This can occur in electroweak baryogenesis scenarios [5] ; here we are interested in asymmetries produced before the electroweak phase transition (EWPT).
In this paper we consider two-Higgs doublet models (2HDM) [6, 7] . If interactions which exchange Higgs flavour are sufficiently weak, then the two populations of Higgs fields could contain independent asymmetries in the early Universe. Since at least one of the Higgs must couple to Standard Model (SM) fermions, its asymmetry is redistributed among other SM particles by Yukawa interactions, prior to the electroweak phase transition. However, hypercharge neutrality of the Universe relates the asymmetries among all charged particles. This implies that a relative asymmetry among the Higgs scalars, generated by out-of-equilibrium CP-violating processes in the Higgs sector, could be transformed into a baryon asymmetry in the presence of (B + L)-violating sphalerons [8] . The interest of such baryogenesis scenarios is that they require no B or L-violating interactions beyond the non-perturbative sphalerons of the SM, relying only on CP violation in an extended Higgs sector.
The issue of "basis-independence" is of particular importance [9, 10] . The point is that physical observables cannot depend on a basis choice in the Lagrangian -one may ask, for instance, what φ 1 and φ 2 are in the 2HDM. Clearly, the survival of a relative asymmetry between the φ 1 's and φ 2 's in early Universe will depend on the speed of interactions that exchange φ 1 with φ 2 . But the pertinent coupling constants naively appear to depend on the choice of φ 1 and φ 2 . We show that such washout interactions are controlled by the misalignment among different couplings, and can be parameterised in a basis-independent way.
The paper is organized as follows. A compendium of relevant results for the 2HDM is given in section 2.1, followed by some estimates for interaction rates in the early Universe. Section 3 constrains parameters of the Higgs potential by requiring Higgs flavour exchange to be out of equilibrium. In the second part of this section, we discuss the basis-independence of these bounds. In Section 4 we derive the equations of chemical equilibrium [11] , which relate the asymmetries among SM particles and Higgs fields, due to the interactions which are in equilibrium. As a result, a nonvanishing equilibrium baryon asymmetry is obtained in the presence of a relative Higgs asymmetry, even with B − L conservation. Simple scenarios based on the out-of-equilibrium decay of singlet scalar fields into Higgs doublets are presented in Section 5. Finally, our conclusions are summarized in Section 6.
2 The 2HDM at finite temperature
Notation and review
The interaction Lagrangian for the general 2HDM [6, 7] consists of a scalar potential plus Yukawa coupling terms. The most general gauge invariant scalar potential can be written as
is a vector in the 3-dimensional generation space of left-handed quark doublets (right-handed charge +2/3 and −1/3 quarks). Accordingly, Γ 1 , Γ 2 , ∆ 1 , and ∆ 2 are 3 × 3 matrices in the respective quark generation spaces. Similarly, L L = (ν L , ℓ L ) T and ℓ R are vectors in the 3-dimensional generation space of left-handed lepton doublets and right-handed charged leptons, respectively, while Π 1 and Π 2 are 3 × 3 matrices. For simplicity, we assume that there are no right-handed neutrino fields. Under global SU(2) transformations in (φ 1 , φ 2 ) space, the kinetic terms of the Higgs doublets are invariant, whereas the parameters of the scalar potential (and the Yukawa couplings) will be modified. Such basis transformations in the Lagrangian cannot affect observables, so the numerical value of the parameters in Eq. (2.1) is only meaningful when the basis is specified. Three obvious Higgs basis choices can be envisaged:
• m 2 12 = 0 basis, where we put a tilde on the parameters
• symmetry basis, where the parameters are lower case with a prime (
• (thermal) mass eigenstate basis, where the parameters are uppercase (
Here,ỹ f i , y ′ f i and Y f i denote the Yukawa matrices of the SM fermions f interacting with the Higgs i, in the corresponding Higgs basis (so y u i = (∆ 1 , ∆ 2 ), and so on). Since our goal is to store an asymmetry between the Higgs populations prior to the EWPT, interactions which exchange φ 1 ↔ φ 2 must be small (see next section). We refer to such interactions as (Higgs) flavour-exchanging processes. For instance, in the m 2 12 = 0 basis, the offending parameters from the potential areλ 5 ,λ 6 andλ 7 . In the Yukawa sector, interactions of both Higgs doublets to either quarks or leptons will be strongly constrained. This is because a relative asymmetry in the two Higgs populations should be preserved, so the two Higgs fields cannot both share their asymmetry with the same fermions.
Some of the undesirable couplings can be suppressed by imposing a discrete Z 2 symmetry
In the basis where the symmetry has the above form, it implies m ′ 12 = λ ′ 6 = λ ′ 7 = 0, so the Higgs sector contains no explicit CP violation, because the phase of λ ′ 5 can be rotated away by a phase choice of the Higgs fields. If both scalar fields couple to fermions of the same charge, then there will be flavour changing neutral scalar interactions, which are strongly constrained by experiment. The undesirable Yukawa interactions can be removed by extending the Z 2 symmetry of Eq. (2.3) to the fermion sector, so that each fermion charge sector only couples to one of the Higgs scalars. The four ways to implement this symmetry are shown in Table 1 .
The discovery of a 125 GeV scalar at LHC places constraints on the 2HDM parameter space, studied so far in the context of a Z 2 symmetry (λ ′ 6 = λ ′ 7 = 0), occasionally exact (m ′ 12 = 0) [12] . After electroweak symmetry breaking, the neutral components of the scalar fields acquire the vacuum expectation values (VEVs) φ 0 1 = v 1 and φ 0 2 = v 2 , where v = (v 2 1 + v 2 2 ) 1/2 ≃ 174 GeV. Of the eight components in the two Higgs doublets, three provide longitudinal components to W ± and Z, two create a H ± pair, two yield Table 1 . The four types of Z 2 models and the corresponding Higgs couplings to fermions. Type X is also known as "lepton specific", and type Y as "flipped". In the usual φ u,d notation, φ u = φ 2 always.
the Higgs scalar (m h = 125 GeV) and another neutral scalar (H), and the last gives a pseudoscalar (A). These masses and the VEVs are related to the parameters of the potential. In particular, if both v 1 = 0 and v 2 = 0, then the stationarity conditions can be used to write the pseudoscalar mass
This shows that requiring small φ 1 ↔ φ 2 exchanges through m ′ 12 ∼ 0 and λ ′ 5 ∼ 0, leads to m A ∼ 0, unless v 1 v 2 ∼ 0. This occurs because, in the m ′ 12 = λ ′ 5 = λ ′ 6 = λ ′ 7 = 0 limit, the potential in Eq. (2.1) has a global U (1) symmetry, which is broken by v 1 v 2 = 0, with the consequent appearance of a massless Goldstone boson (m A = 0).
One solution is to consider the inert model [13] , which is a Type I 2HDM with exact Z 2 and v 1 = 0 1 . In that case,
This mass can be kept nonzero, even if λ ′ 5 = 0, because the vacuum with v 1 = 0 does not break the global U (1). The only consequence of λ ′ 5 = 0 is m H = m A . Because the inert φ 1 does not couple to fermions, the lightest particle is a candidate for dark matter. A series of very clear analyses of this model, including constraints from both LHC and WMAP, have been performed by the Warsaw group [14] . They find large regions of parameter space consistent with all known data, especially if the h → γγ signal is consistent with the SM (R γγ ∼ 1). This is within the 2σ ranges of current ATLAS [15] and CMS [16] data
ATLAS:
R γγ = 1.55
R γγ = 0.78
Values of R γγ larger than one restrict considerably the parameter space. An additional constraint imposed on the Higgs spectrum by our baryogenesis scenario is that φ 1 and φ 2 should be present in the thermal bath until the EWPT. If one of the φ i is sufficiently heavy that its population decays away prior to the EWPT, then the relative Higgs asymmetry is lost. 
Thermal masses and interaction rates
In this section we review interaction rates in a thermal bath. The relevant eigenbasis for the external leg particles should be the thermal mass eigenstate basis, so we start by estimating the thermal mass matrix of the Higgs scalars, at temperatures T ≫ |m ij |. At finite temperature, the lowest order contribution to the mass-squared matrix is [17] 
where V ef f (T, φ k ) = V + V T is the effective potential, with V given in Eq. (2.1). In the high temperature limit (T ≫ |m ij |), 8) where g i = 4 for a complex doublet field, and the trace is calculated over the T = 0 scalar mass-squared matrix in background field, i.e. allowing φ 1 and φ 2 to have non-zero values so that M (φ i ) are field-dependent masses.
Neglecting zero-temperature loop contributions and finite-temperature fermion and gauge contributions, we find
9) where the m 2 ij terms are dropped because they give no contribution to Eq. (2.7). For an arbitrary basis in the Higgs doublet space [18] , this gives the thermal mass-squared matrix
Diagonalising this matrix gives the thermal mass eigenstate basis. In the presence of a Z 2 symmetry, the thermal masses are simply given by 11) so that no term of the type m 2 12 (T ) φ † 1 φ 2 is generated. Therefore, in the latter case, the only link between φ 1 and φ 2 in the Higgs potential comes from the λ 5 term, both at zero and at finite temperature.
We now review the assumptions and approximations involved in our estimates for the interaction rates. We take "thermal equilibrium" to describe a particle species distributed following a Maxwell-Boltzmann distribution. At temperatures T ≪ m GUT ≃ 10 16 GeV, this will be the case for particles with SM gauge interactions. We define an interaction to be in "chemical equilibrium" if it is fast enough to impose relations among the asymmetries in the participating particles. This will be the case if its timescale, 1/Γ, is much shorter than the age of the Universe ∼ 1/H, i.e. Γ ≫ H, where
is the Hubble expansion parameter, g * is the number of relativistic degrees of freedom (g * = 107.75 in the 2HDM) and m P = 1.22 × 10 19 GeV is the Planck mass. We estimate the interaction rate Γ = γ/n, where n i ≃ g i T 3 /π 2 is the equilibrium density of an incident (massless) particle, and γ is the interaction density. For a process ij → mn, where all the participating particles are in thermal equilibrium, γ is the thermally averaged scattering rate, 13) where g i is the number of degrees of freedom of the particle in the bath (2 for a doublet), 3 is the relativistic phase space, and f eq is the Maxwell-Boltzmann equilibrium distribution. The last equality in Eq. (2.13) is the result for
3 Keeping Higgs flavour-exchanging interactions out of equilibrium
We suppose that particle-antiparticle asymmetries in φ 1 and φ 2 were generated at some earlier epoch of the Universe. In section 5, we shall illustrate this in a simple framework. We focus on the relative asymmetry between the two Higgs doublets:
where s is the entropy density of the Universe. We use the notation Y ∆X for the asymmetry Y X − Y X , where Y X = n X /s is the comoving number density. This asymmetry will be conserved as long as Higgs flavour-exchanging interactions are out of equilibrium. In this section, we identify these interactions, estimate the constraints on the couplings, and express these bounds in some useful bases. In the thermal mass eigenstate basis, the flavour-exchanging Higgs interactions that must be out of equilibrium are mediated by the quartic couplings Λ 5 , Λ 6 , and Λ 7 . Requiring Γ ≪ H at T ≃ 100 GeV, and using Eqs. (2.12) and (2.13), implies 5, 6, 7, (3.2) to keep the Higgs asymmetries separate for temperatures down to the EWPT. This condition applies in the thermal mass eigenstate basis; we translate it below to other bases. 
where the v T i are the zero-temperature Higgs VEVs in the thermal basis. The survival of the relative Higgs asymmetry requires that the Yukawa interactions, between a fermion species f = t, b, τ and one of the Higgs doublets, be out of equilibrium:
For instance, in the case of the top quark, this gives 4) where θ t is the rotation angle between the thermal mass eigenstate Higgs basis and the eigenvector of the top Yukawa coupling (cf. Appendix A): 5) where the last expression is in the Yukawa eigenbasis. At T ≃ 100 GeV, Eq. (3.4) requires
Furthermore, using |λ 6 |, |λ 7 | few ×10 −7 to satisfy Eq. in the Yukawa eigenbasis. We remark that, in obtaining the bound (3.4), we approximate m t = (|Y t 1 | 2 +|Y t 2 | 2 ) 1/2 v, that is, we neglect the misalignment between the top Yukawa coupling vector and the zerotemperature VEVs. This could underestimate the magnitude of the Yukawa coupling (as arises for the b and τ in the large tan β limit of the supersymmetric SM). Therefore, the interaction rates we obtain will be lower bounds. Similar bounds apply to other fermions f , with the replacement m t → m f (and α s → α QED /4 for leptons). This leads to the bounds 
Basis-independent conditions
In this section, the conditions given in Eqs. (3.2) and (3.4) , which ensure the survival of a relative Higgs asymmetry, are expressed in a way which is independent of the (Higgs) basis transformation Φ → U Φ, (3.9) where Φ = (φ 1 , φ 2 ) T and U is a 2×2 unitary matrix in Higgs flavour space. In Refs. [9, 10] , basis-independent combinations of potential parameters were constructed by contracting the parameters with the Higgs VEVs (a vector in Higgs doublet space). We will construct similar invariants here, but replacing the Higgs VEV with the top Yukawa coupling, which is more relevant for our scenario, and is also a vector in Higgs space (in the one generation approximation). Indeed, one can combine the top Yukawa couplings in 10) into a vectorŷ t = 1 11) transforming asŷ t → Uŷ t , and its orthogonal 12) transforming asǫ t → [det U] −1 Uǫ t . In the top basis (see Appendix A), these vectors becomeŷ
From Eq. (3.4) , it is clear that the direction in Higgs space of the top Yukawa couplinĝ y t should approximately correspond to φ 1 or φ 2 of the thermal mass eigenstate basis. We then simply impose the bounds of Eqs. (3.2) and (3.4) in the basis of Eq. (3.13) . It is convenient to introduce some notation patterned on Ref. [10] . The quartic Higgs interactions can be represented via a four-index tensor which appears in the Lagrangian as
, and a, b, c, d = 1, 2. The barred (unbarred) notation keeps track of which indices transform as U † (U), under the basis transformation (3.9) . The elements of Z abcd are
14)
By analogy with the invariants |Z 5 |, |Z 6 |, and |Z 7 | presented in Ref. [10] , the following basis invariant quantities can be constructed: 17) whereŷ b andŷ τ are defined analogously toŷ t in Eq. (3.11) and the upper bounds on the right-hand sides follow from Eq. (3.8).
In summary, in a 2HDM prior to the EWPT, a relative Higgs asymmetry can survive provided the Yukawa interactions and the Higgs potential have a certain form. The Higgs potential parameters should satisfy the constraints |λ n | few ×10 −7 (n = 5, 6, 7), and |m 2 12 | (100 MeV) 2 . In the same basis, SM singlet fermions of a given charge (up-type quarks, down-type quarks, charged leptons) should interact with approximately only one Higgs field, that is, the model should be of type I, II, X, or Y.
Chemical equilibrium relations
Let us now study the redistribution of asymmetries in conserved quantum numbers due to interactions in equilibrium. We neglect lepton flavour asymmetries, so that the (exactly and effectively) conserved quantum numbers are the hypercharge, B − L, and the relative Higgs asymmetry. Assuming that the asymmetries in all species are small, they are related to the chemical potential µ as
where g i is the number of degrees of freedom of the particle.
We take the thermal bath to contain the SM fermions and gauge bosons, and two Higgs doublets. We consider temperatures just prior to the EWPT, when all the Yukawa interactions are in equilibrium, but gauge symmetries are unbroken, so that the gauge bosons have zero chemical potential. Our aim is to investigate whether a Higgs asymmetry, as given in Eq. (3.1), can be used to generate a baryon asymmetry.
If an interaction is in chemical equilibrium, then the sum of the chemical potentials of the participating particles should vanish. The SM Yukawa interactions impose the relations 4) where φ d , φ u and φ e denote the scalar that couples to the down-type quarks, up-type quarks and charged leptons, respectively. Since in the usual notation φ u = φ 2 , the various models in Table 1 differ by whether φ d and/or φ e coincide with φ 2 . The electroweak sphalerons impose 3µ q + µ ℓ = 0, (4.5) while the QCD sphalerons lead to the chemical equilibrium condition
Adding Eqs. (4.2), (4.3) , and (4.6), we find
In type II and type Y models, where φ 2 couples to up-type quarks, and φ 1 to down-type quarks, this forces µ φ 1 − µ φ 2 to vanish. Therefore, in 2HDM of type II and type Y, a relative Higgs asymmetry would be washed out. In contrast, in type I and type X models,
is trivially satisfied, and thus one can have µ φ 1 − µ φ 2 = 0. Next we show that, provided a Higgs asymmetry was created in early Universe, it can be used to generate a baryon asymmetry at later times. The baryon and lepton number comoving asymmetries are given by 8) where N g = 3 is the number of generations, and Eqs. (4.4)-(4.6) have been used to rewrite the right-hand sides of these expressions. As a result,
Finally, hypercharge (or, equivalently, electric) neutrality of the plasma gives Eqs. (4.11) and (4.12) give a baryon asymmetry in the presence of a relative Higgs asymmetry, even if Y ∆B − Y ∆L = 0. Thus, in these cases, the baryon asymmetry is due exclusively to the initial imbalance between the asymmetry in φ 1 and the asymmetry in φ 2 . We dub this scenario as split Higgsogenesis. As far as we know, this is a novel mechanism for baryogenesis. This is reminiscent of certain asymmetric dark matter (DM) models [19] , where an asymmetry is generated in a new dark sector (which contains the DM candidate), and then is shared with the SM fermions. The role that the Higgs can play in transferring asymmetries between the SM fermions and the dark sector has been recently emphasized in Ref. [20] . However, φ 1 does not seem to be a successful asymmetric DM candidate in the simple model discussed here. 2 Let us assume that, indeed, Y ∆B = Y ∆L . Using Eqs. (4.9)- (4.12), we find
for type I, (4.13)
The type I model is particularly interesting because φ 1 does not couple to any fermion and could act as dark matter. In that case, Y ∆φ 1 /Y ∆B = 79/6, so the DM scalar should be lighter than the proton 3 to obtain Ω DM ∼ 5 Ω B . We recall that the mass density of baryons in the Universe today, as inferred from WMAP in the context of ΛCDM cosmology, is [22] m p ρ c (n B − n B ) = Ω B h 2 = 0.02255 ± 0.0054, (4.15) or equivalently, (4.16) where m p is the proton mass, h ≡ H 0 /(100 km s −1 Mpc −1 ) = 0.742 ± 0.036 is the present Hubble parameter, and ρ c = 3H 2 0 /(8πG) is the critical density of a spatially flat Universe. On the other hand, for the ΛCDM cosmology with three light neutrinos, the cold dark matter relic abundance is Ω DM h 2 = 0.1126 ± 0.0036 [22] , so that the ratio of dark matter particles to baryons is
2 Symmetric dark matter and electroweak baryogenesis have been recently discussed in the inert doublet model in Refs. [21] .
3 Alternatively, one could assume a primordial B−L asymmetry, no relative Higgs asymmetry, and let the λ5 coupling (allowed by the Z2 symmetry which ensures DM stability) to equilibrate the asymmetry between the two Higgs fields. Then, Eq. (4.10) yields a Higgs asymmetry smaller than the baryon asymmetry:
. This corresponds to a scalar DM mass ∼ 20 GeV, which is ruled out by the width of the Z boson. Furthermore, λ5 would mediate DM-anti-DM oscillations which would wash out the asymmetry.
Simple split-Higgsogenesis scenarios
Our goal in this section is to provide a few simple scenarios for baryogenesis through splitHiggsogenesis, where the cosmological baryon asymmetry could in principle be generated via the out-of-equilibrium decay of heavy singlet scalars into Higgs doublets.
One extra singlet scalar
We consider an inert 2HDM extended by one real scalar singlet. The two Higgs doublets, φ 1 and φ 2 , and the singlet scalar S transform under Z 2 as
The Z 2 -invariant Higgs potential can be written as
where
3)
All parameters are real but z 1 , so that CP violation in the scalar sector is related with a complex z 1 .
We address now the question whether this model can be used to generate a CP asymmetry in the Higgs sector that could be converted into a baryon asymmetry. The basic idea is analogous to that of the standard leptogenesis scenario. A population of S's is produced through scattering processes at temperatures T ∼ M ≫ m φ 1 ,φ 2 . This population decays away at T < M , when the singlet scalar equilibrium density is Boltzmann suppressed. If the interactions of the heavy singlet S are CP-violating, and provided that the relevant interactions are out of equilibrium, a net Higgs asymmetry can be generated. The latter is then converted into a baryon asymmetry by the sphalerons. To illustrate our mechanism, let us consider the tree-level and one-loop diagrams 4 depicted in Fig. 1 .
We have two contributions with different CP-odd phases; z 1 and z * 1 . Because the second diagram is a loop diagram, a cut on this diagram leads to an absorptive part that contains the CP-even phase needed for CP violation in decays. As a result, the interference of the tree-level and one-loop amplitudes leads to a nonvanishing CP asymmetry in the final Higgs states. Defining this asymmetry as we find 5) where A 0 and A 1 are the tree-level and one-loop amplitudes, respectively. For the decay of Fig. 1 , one has c 0 = −z 1 , c 1 = 3 λ 5 z * 1 and A 0 = 1. Thus, the weak phase gives 6) while the strong phase comes from
We then get
Thus, in this simple scenario, the Higgs asymmetry is controlled by the strength of the quartic parameter λ 5 and the phase of the coupling z 1 . The final baryon asymmetry (baryon-to-entropy ratio) can be approximated as 9) where the first factor is the equilibrium S number density divided by the entropy density, the second factor is the fraction of the Higgs asymmetry converted into a baryon asymmetry by the sphalerons (C = 3/46 in the present case), and the efficiency factor η (0 ≤ η ≤ 1) measures how efficient the out-of-equilibrium S-decays are in producing the asymmetry. Although a precise computation of η requires the solution of a full set of Boltzmann equations, simple analytical estimates can be given. It is useful to introduce the decay parameter 10) where Γ D = |z 1 | 2 M/(8π) is the tree-level decay rate of the singlet S into the two Higgs doublets. In the so-called weak washout regime (K ≪ 1), i.e. when the scalar singlet decays strongly out of equilibrium, the efficiency factor is η ≃ 1. In the strong washout regime (5.12) Notice that between the mass scale M and the EW scale an effective quartic coupling λ eff 5 = λ 5 + 1 2 z 2 1 is generated by S-exchange. Recalling that, for the relative asymmetry between φ 1 and φ 2 to survive, interactions which exchange φ 1 ↔ φ 2 must be out of equilibrium until the electroweak scale, then Eq. (3.2) imposes |λ eff 5 | few × 10 −7 . Thus, in this simple setup, unless there is a fine-tuned cancellation between λ 5 and z 2 1 to satisfy this bound, we cannot accommodate the observed baryon asymmetry (4.16), even with a maximal efficiency η ≃ 1.
One extra singlet and a third doublet
We consider now a model with three doublet scalars and one real scalar singlet. The Higgs doublets, φ 1 , φ 2 and φ 3 , and the singlet scalar S transform under Z 2 as
(5.13)
The singlet and the third doublet φ 3 will be significantly heavier than the EW scale; φ 1 and φ 3 are defined as the Z 2 -odd mass eigenstates. The Z 2 -invariant Higgs potential can be written as 14) where V is given in Eqs. (5.2)-(5.3) and
2 λ 3232 (φ among the three Higgs doublets can be generated. When washout interactions are out of equilibrium, the asymmetries can survive. The φ 3 later decay to φ 1 , leaving an asymmetry between φ 2 and φ 1 . Assuming the asymmetry from S → φ 1 φ * 2 to be negligible, due to the bounds on λ 5 and z 2 1 , we neglect it and focus on a possible asymmetry from S → φ 3 φ * 2 . We consider tree-level and one-loop diagrams analogous to those depicted in Fig. 1 , with φ 1 → φ 3 , z 1 → z 3 , and λ 5 → λ 3232 . The interference of the tree-level and one-loop amplitudes leads to a nonvanishing CP asymmetry in the final Higgs states:
16) where the contribution of z 1 to the total decay rate has been neglected.
For the relative asymmetry between φ 3 + φ 1 and φ 2 to survive, interactions which exchange φ 3 with φ 2 must be out of equilibrium until the φ 3 decay. (Recall that we have already imposed that interactions exchanging φ 1 ↔ φ 2 are out of thermal equilibrium). By extrapolating Eq. (3.2) to higher temperatures, this imposes
early Universe, then a relative asymmetry among the Higgs doublets corresponds to an effectively conserved quantum number. Such a relative Higgs asymmetry can be transformed into a baryon asymmetry by the sphalerons, without the need for B − L violation. Among the four possible types of Z 2 models considered, we have demonstrated that this "split Higgsogenesis" mechanism is only possible in the framework of a type-I or type-X 2HDM. We then presented simple scenarios to generate a Higgs asymmetry, based on inert type-I 2HDMs extended by heavy singlet scalar fields and/or one extra Higgs doublet. In the presence of CP-violating interactions, the out-of-equilibrium decays of the heavy singlets into the Higgs doublets can produce a net Higgs asymmetry and the mechanism of baryogenesis through (split) Higgsogenesis can be viable. Since a successful implementation of our mechanism requires the scalar potential parameters to satisfy definite bounds, we have also paid particular attention to their basis-independent formulation. Notice that we have used the superscript "m" to stress that the matrix elements of H are to be calculated in the basis where M is diagonal. Similarly, the superscript "t" indicates that the matrix elements of M are to be calculated in the basis where H is diagonal.
There is physical content in the misalignment between the two bases, which can be expressed in a basis-invariant way through the relation This equation provides two different ways of writing the misalignment between the top and the mass bases to be used in the text. Thus far we did not need to specify whether the mass matrix M in Eq. (A.2) is to be calculated at a finite temperature T , or at T = 0; the expressions hold for any case. But one subtlety must be pointed out when using Eq. (A.13) with a temperature-dependent matrix M(T ). The thermal mass basis rotates as the temperature varies, as can be seen from Eq. (2.10). The top basis, on the other hand, is temperature independent, and the bound of Eq. (3.4) must be satisfied from the temperature when the Higgs asymmetry is created until the EWPT. This implies that the thermal basis cannot rotate much during this period.
